Yes! Very much so.
In 1975, Kuramoto had introduced a mathematical model for nonidentical, nonlinear phase oscillators which exhibits a convergence to a global synchrony at a critical coupling value. In 2002, Kuramoto demonstrated that identical phase oscillators can show coexistence of coherent and incoherent dynamics under certain special conditions. Later, Abrams and Strogatz, christened this dynamical state as chimera state and provided a detailed description about special conditions required for its emergence. Since then, chimera remains an exotic phenomenon with ambiguities. Initially, non-local, non-global topology was stated to be a prerequisite for the emergence of the chimera state. However, subsequent investigations presented an appearance of the chimera state for both local and global couplings. Furthermore, multiplex framework which incorporate various types of interactions between the same pair of nodes as different layers, provide a better portrayal of complex natural networks. Here we consider a multiplex network with each layer having identical coupling architecture but not necessarily identical nature of the couplings. Particularly, we consider attractive and repulsive coupling among dynamical units and show that by keeping network architecture same, coupling in one layer have profound impact on the occurrence of chimera in another layer in multiplex networks. This investigation is crucial for many different complex systems possessing different types of coupling, particularly attractive and repulsive coupling among the same units. For instance, the a) Electronic mail: sarikajalan9@gmail.com b) Electronic mail: sapta15@gmail.com brain has inhibitory and excitatory neurons representing repulsive and attractive couplings, respectively. Studies on the impact of inhibition on the emergence of chimera state in the multiplex framework will be useful for a better understanding of such complex systems in different conditions.
I. INTRODUCTION
In past few decades study of networks has been catapulted into the limelight due to their booming applications in various branches of science and engineering 1 . One of the aspects of network science is to study the collective output of a system arising due to complex interactions between its constituents 2 . The interactions (edges) between the constituents (nodes) often result in fascinating spatiotemporal phenomena among which hybrid patterns of chimera deserves particular attention. Similar to its namesake in Greek mythology, a chimera state consists of two or more spatial coherent and incoherent domains in a network with symmetric coupling. Chimera state had been initially reported for a ring of identical phase oscillators with non-local coupling 3 . Since then, a vast amount of theoretical and experimental investigations on chimeras have been performed in a diverse range of oscillators 4 . The investigations resulted in plethora of different variants of chimera including multicluster chimera 5 , virtual 6 , breathing 7 , traveling 8 , globally clustered chimera 9 and two-dimensional chimera 10 . Recently, chimera state is shown for both global 11 and local coupling 12 , hyperbolic chaotic oscillators 13 as well as for random initial conditions 14 , negating previous constraints on the emergence of chimera state. Furthermore, multiplex network framework incorporates existence of various types of interactions between the same pair of nodes by categorizing them in different layers with each layer reflecting a specific type of interaction 16 . This framework provides a better representation of many real-world systems 15 . Influence of multiple types of interaction on dynamical behavior of an individual layer has been one of the prime objectives of the studies on multiplex networks 17 . The chimera state in multiplex networks has been reported to occur first time in Ref. 18 followed by other investigations 19, 20 . In this article, we sought to examine the impact of repulsive couplings on chimera patterns in multiplex networks (Fig. 1) . For sufficiently high couplings, an array of coupled phase oscillators has been shown to converge to a mean frequency exhibiting exact synchrony under attractive coupling 21 . Whereas, repulsive couplings have been shown to affect dynamical evolution of nonlinear units in different ways. The repulsive couplings may either destroy a synchronized state leading to the incoherent evolution 22 or lead to an emergence of new synchronization regimes in addition to the multistability phenomenon 23 . An emergence of the chimera state under attractive and repulsive couplings in a globally coupled monoplex network has already been reported 24 . Here we investigate impact of repulsive couplings on the occurrence of chimera state in multiplex networks. Specifically, we demonstrate that the emergence and presence of chimera state in one layer can be controlled by changing the probability of repulsive couplings in another layer of a multiplex network. Recent literature has indicated a strong connection between the occurrence of chimera and various responses of neurons in brain networks. For example, chimera state has been related to uni-hemispheric sleep in mammals where half of the brain remains asleep while other half remains active 25 . This hybrid dynamics is akin to the coexistence of coherent and incoherent spatio-temporal patterns of chimera state. Moreover, various brain diseases have been linked to chimera states 26 . Andrzejak et.al. has shown that spatio-temporal correlation profiles, obtained from EEG readings of ecliptic seizures, bore striking similarities with hybrid patterns of chimera state 27 . Here we study another aspect of neuronal dynamics, which is inhibition. Inhibition plays a crucial role in various cognitive abilities of brain 28 . Furthermore, inhibition has also been considered in ecological networks to interpret complex predator-prey interactions among various species 29 . We introduce inhibition (repulsive couplings) in one layer 30 and investigate its impact on the emergence of chimera state in another layer.
II. THEORETICAL FRAMEWORK.
We consider a multiplex ring network where topology of individual layer is represented by a 1D lattice with periodic boundary conditions (Fig. 1) . We use Kuramoto oscillators with diffusive coupling to showcase our findings. Architecture of the multiplex network can be represented as,
for a bi-layer multiplex network where A (1) (A (2) ) represents adjacency matrix of the first (second) layer consisting of 1 or 0 entries depicting connected or disconnected pairs of nodes respectively. Dynamical evolution of the system can be expressed by a state vector Θ consisting of components θ i , i = 1, ..., 2N representing phase of i th oscillator. Dynamical equation of the network state integrating the network topology can be written as follows
where ω i depicts natural frequency of the i th oscillator and λ represents the strength of the diffusive coupling. α is a constant phase lag parameter required for emergence of chimera state in a ring of identical phase oscillators 3 . We have considered a constant natural frequency ω = ω i ∀i for all oscillators to maintain identicality of the coupled units, a pre-requisite of definition of chimera states. We study behavior of chimera state in the first layer (A (1) ) in the presence of repulsive couplings among same pair of nodes in the second layer (A (1) ). In our multiplex framework, the first layer is attractively coupled (i.e. with all positive entries in the corresponding adjacency matrix A (1) ) and second layer is repulsively coupled (i.e. with all negative entries in the adjacency matrix A (2) ). Henceforth, to avoid confusion, we will refer the first layer A (1) as positive layer and the second layer A (2) as negative layer. As par with the definition of the multiplex network (Eq. 1), we consider simple positive one to one coupling (identity matrix) for inter-layer interactions throughout the paper. Furthermore, we introduce inhibitory nodes in the second layer (A (2) ) by selecting a node (a row in A (2) ) with an inhibition probability (p in ). This leads to change in all the coupling associated to that node to inhibitory coupling (changing the signs of each 1 entry to −1 in the corresponding row of A (2) ). For an arbitrary chosen inhibitory node i,
We study occurrence of the chimera state in the first layer (A (1) ) as the introduction of inhibition breaks the S 1 symmetry of the second layer (A (2) ) except for p in = 1 case where all couplings are negative. Due to this symmetry breaking in negative layer, chimera state cannot be defined in the classical sense. We have characterized the chimera state by studying the coexistence of spatial coherence and incoherence. The dynamical state of the network of phase oscillators can be mapped using the global order parameter. However, to capture varying local dynamics for chimeras, we adopt a correlation measure apt of identifying chimera states. We use a normalized probability distribution function g(|D|) of the Laplacian distance measure |D| and the correlation measure
where
|} depicts presence of a local curvature (signifying incoherence) in an otherwise smooth spatial profile (signifying spatial coherence (Fig. 2 ) . δ is a small threshold value that sets a clear boundary between the coherent and incoherent states. Effectively, g 0 represents effective size of the coherent region in the spatial profile of θ at a particular time. The value of g 0 takes 0 for a complete incoherent state and 1 for the complete coherent state. A value between 0 < g 0 < 1 theoretically signifies existence of coherence-incoherence i.e. the chimera state 32 . Though, the correlation measure g 0 identifies the chimera state, certain chimera states, for instance, breathing 7 or traveling 8 chimera, are known to depict regular repetitive patterns in the course of time evolution. A snapshot illustrates the chimera profile for only a fixed time point. To overcome this constraint, we have considered the average of the correlation measure g 0 over 1000 consecutive time steps after an initial transient. Further, we have used a uniformly distributed random number with an Gaussian envelop to satisfy special initial condition requirement of the chimera state for Kuramoto Oscillators as depicted in Fig. 2(a) .
III. RESULTS.
We present results for dynamical evolution of coupled Kuramoto oscillators on multiplex networks with both layers represented by 1D lattices. In the first layer, all the nodes are attractively coupled, whereas in the second layer the nodes are connected via either attractive or repulsive coupling with the probability p in deciding the population of inhibitory nodes. consisting of two layers with attractive couplings in both the layers, and (II) a multiplex network with one attractive and one repulsive layer. For the case (II), all the entries in A (2) are negative corresponding to p in = 1. We study changes in the oscillator dynamics in the positive layer when it is multiplexed with another positive layer (case (I)), with that of negative layer (case (II)). Note that, due to the symmetric coupling environment for both the layers in the multiplex network, we can define chimera state for both the layers separately in this particular combination (i.e. for p in = 1). Fig. 3 plots the correlation measure indicating the range for appearance of chimera state as a function of coupling strength. We find that for lower coupling values, for both the cases, positive layer shows chimera state as depicted by 0 < g 0 < 1 values of the correlation measure (Fig. 3) . It should be noted that a high value of the correlation measure (g 0 ≈ 0.64) at coupling strength λ = 0 arises from the fact that without the coupling, the oscillators evolve with their constant natural frequency resulting in the same spatial profile considered for the special initial condition.
Interestingly, we observe a contrasting behavior in the middle coupling range (2 λ 4). For the case (I), the oscillators demonstrate a transition to the synchronized state represented by g 0 = 1 whereas the case (II) demonstrates a intermediate correlation value (0.3 g 0 0.7) representing the chimera state. Fig. 4 (a) ,(e) exhibit a completely synchronized state in the positive layer when multiplexed with another positive layer (case (I)). Fig. 4(b) ,(f) show a chimera state in the positive layer upon its multiplexing with a negative layer (case (II)). Furthermore, Fig. 4(c) ,(d) provide another illustration of this destruction of synchrony and an enhancement in the chimera state for different coupling strength. Fig. 4 (e)-(h) represent the sptio-temporal patterns of the chimera state which indicates that the emerged chimera state is stable with time. Moreover, the completely synchronized state for the case I demonstrates a periodic temporal evolution 33 . Replacing one positively coupled layer with a negatively coupled layer makes the stable periodic evolution unstable leading to an hybrid spatial chimera pattern 33 . This observation highlights the importance of repulsively coupled layer which causes an occurrence of chimera state in a attractive coupled layer due to the multiplexing.
B. Controlling chimera in one layer by changing inhibitory coupling in another layer.
Next, we investigate the impact of inhibitory nodes in one layer on the emergence of chimera state in another layer. Again, we consider a bi-plex network where first layer (A (1) ) has all positive couplings (thus termed as positive layer). The inhibitory nodes are introduced in the second layer (A (2) ) with inhibition probability p in .  Fig 1 (c) depicts a schematic diagram of such arrangement in multiplex network and Fig. 5 (a) shows plot of a multiplex adjacency matrix where inhibitory nodes (represented by black lines in right-down block) are introduced with an inhibition probability p in = 0.1. In this setup, a particular pair of nodes in A (2) may interact via either positive or negative couplings decided by p in . We find that an introduction of even a small number of the inhibitory nodes is sufficient to destroy synchronized regime in A (1) and causes an enhancement in the range of couplings strength for which chimera is appeared in the positive layer. Fig. 5 depicts variation of the correlation measure with respect to the inhibition probability p in for a sufficient large coupling strength (λ = 3.57). Two extreme situations, i.e. p in = 0 and p in = 1 correspond to a completely synchronized state (g 0 = 1) and a chimera state (g 0 ≈ 0.34) respectively, which is not surprising as discussed in the previous section. However, the interesting fact is that even a small amount of inhibition in the repulsive layer (say p in = 0.1) is sufficient to yield a nonzero correlation value (g 0 ≈ 0.65) for the attractive layer depicting chimera state. Inset figures of Fig. 5 manifest this phenomena of appearance of the chimera state at low inhibition probability.
IV. CONCLUSION.
To surmise, we have explored an impact of inhibitory (repulsive) coupling in one layer layer on dynamical behavior of another layer in a multiplex network. We have systematically studied impact of inhibition by inserting inhibitory nodes with a probability p in which is varied from zero to one. The case p in being zero corresponds to a multiplex network consisting two identical layers with each layer having attractively coupled nodes. The another extreme case p in being one corresponds to a multiplex network consisting of two layers which are structurally identical but vary in the nature of coupling, i.e., one layer has all attractively coupled nodes whereas another layer has all repulsively coupled nodes. Due to the multiplexing with a layer having all inhibitory nodes, synchrony among phase oscillators with all attractively couplings are destroyed. Furthermore, we report that the range of parameters for which chimera is demonstrated in one layer can be controlled by changing probability of inhibitory nodes in another layer. Importantly, we found that a very small number of inhibitory nodes can bring an enhancement in the appearance of chimera state destroying the synchronized state. The results presented here can be helpful to gain better understanding of the workings of brain under different conditions and can help in diagnosis of several brain related diseases. Furthermore, we have focused here on behavioral changes in one layer due to inhibitory nodes in another layer in a multiplex framework. This investigation can be further extended by focusing the impact of particular positions of inhibitory nodes on the occurrence of different spatial clusters appeared in the enhanced chimera state. Furthermore, other network topologies can be considered for the second layer to have a better representation of realworld complex systems. These results promote importance of the multiplex framework to model those realworld complex systems which posses more than one type of interactions among their constituents. 
